The calelectrins: new and ubiquitous Ca2+-regulated proteins with a possible role in cytotic processes THOMAS C. SUDHOF' Abteilung Neurochemie, Max-Planck-Institut fur Biophysikalische Chemie 3400-Gottingen, Federal Republic of Germany
Ca2+ is a universal and possibly the most important second messenger in eukaryotic cells, regulating such diverse processes as muscle contraction, secretion, proteolysis and mitogenesis. While some of its actions are understood at the molecular level (e.g. excitation<ontraction coupling by Ca2+-binding to troponin C), many regulatory effects of Ca2+ have escaped clarification up to now, the most notable of which might be Ca2+-triggered exocytosis in neurons and other secretory cells. This is an especially challenging biological problem because virtually all cells have constitutive pathways for the exo-and endo-cytosis of macromolecules which operate independently of stimulation. Cells capable of Caz+ -triggered exocytosis must therefore have two independent pathways, suggesting that a cell is not only capable of sorting proteins and membranes, but also of classifying membrane fusion and budding events into regulated and non-regulated processes (Moore et al., 1983) . Although membrane fusion is a ubiquitous and constant process in cells, it has been extremely hard to reconstitute either Ca2+ -regulated or non-regulated fusion events in oitro. As a consequence of this difficulty the mechanism of membrane fusion remains unknown. In view of the triviality of membrane fusion in cells therefore the problem of Ca2+-triggered exocytosis could be equally well stated as:
(1) what inhibits membrane fusion in the absence of Ca2+ ?, or (2) which Ca2+ dependent component enhances membrane fusion? Secretory vesicles are specialized organelles with structural features important for exocytosis. Chromaffin granules for example, the best studied of these, are slightly hyperosmolar and contain high concentrations of core molecules bound in an osmotically inactive form (Siidhof, 1982 (Siidhof, , 1983 . These findings are relevant in view of the fact that an osmotic gradient has been shown to facilitate fusion (Cohen et al., 1980) . Nevertheless, isolated chromaffin granules have not been shown to undergo fusion reactions in the presence of Ca2+ under physiological conditions (Morris et al., 1982 (Morris et al., , 1983 . This finding suggests that Ca'+-triggered exocytosis is not a property of the secretory vesicles per se, and that it may require the participation of other proteins such as cytosolic Ca2+-binding proteins. Certain require-* Present address : Department of Molecular Genetics, University of Texas Health Sciences Center at Dallas, TX 75235, U S A . ments can be postulated for these: they should interact with membranes in a Ca2+-dependent manner, they should be evolutionarily conserved in view of the universality of secretion, and they should be distributed in a tissue-or cellspecific manner. Since none of the Ca2+-binding proteins ' described in the literature seemed to meet these requirements we searched for new ones which did. As will be described below, in the course of our work we purified a new family of Ca2+-binding proteins which agree with these postulates although we have not yet demonstrated a direct role of these proteins in exocytosis.
In 1982, J. H. Walker purified a protein from the electric organ of Torpedo marmorata, a protein which binds to membranes in a Ca2+-dependent manner . This protein has some interesting properties: it not only binds to membranes as a function of Caz+, it also binds Ca2+ in solution, self-aggregates and promotes membrane aggregation as a function of CaZ+  T. C. Siidhof, J. H. Walker & U. Fritsche, unpublished work). We called this protein calelectrin because of its tissuesource and regulation by Ca2+. Torpedo calelectrin is a 34 kDa protein with an acidic PI of 4.9-5.2; monospecific antibodies against it demonstrate the presence of a single crossreactive protein in Torpedo with a distinctive tissue distribution Siidhofetal., 1984) . In mammalian tissue extracts, however, we detected three immunologica4ly cross-reactive proteins with molecular masses of 32.5, 35 and 67 kDa. Immunofluorescence on mammalian cells again demonstrated a distinctive distribution in that calelectrin was present in bovine and rat chromaffin cells and in human white blood cells but not detectable in fibroblasts, erythrocytes and thrombocytes (Sildhof el al., 1983; Walker et al., 1983). We then tried to purify the mammalian calelectrins and found that they could be isolated like calmodulin by Caz+-dependent hydrophobic affinity chromatography, followed by conventional column chromatography. The three mammalian calelectrins are very similar proteins. They have almost identical PI values (between 5.6 and 5.9) and amino acid compositions, and in Caz+-free solutions occur as globular monomers. The calelectrins are Caz+-binding proteins in solution and they also bind to membranes in a Caz+-dependent fashion with half-maximal binding at 5 pM-Ca2+. They cause membrane aggregation at higher CaZ+ concentrations. All three calelectrins are present in native tissue as judged by immunoblots of total extracts. They are abundant tissue proteins. Several milligrammes of protein can be isolated from 1008 of tissue. However, there are also distinctive differences between the low and high molecular mass 608th MEETING, KEELE calelectrins. Antibodies raised against individual proteins This is especially apparent in spermatozoa as shown in Fig. show only partial, but not complete, immunological cross-1. While the 32.5 kDa calelectrin antiserum stains exclureactivity, and the 32.5 kDa calelectrin is a much more sively the acrosomal cap, the 67 kDa antiserum stains both effective membrane aggregator than the 67 kDa calelectrin. parts of the acrosomal cap and the tail. This suggests that Furthermore, they seem to have completely different intra-the different calelectrins have different intracellular funccellular distributions as judged by immunofluorescence. tions; furthermore, the localization of the 32.5 kDa Fig. 1. Phase contrast (a,c) and immumjbrescence micrographs (b,d) of bovine spermatozoa stained with antisera against the bovine 32.5 kDa calelectrin (a,b) and against the 67kDa calelectrin (c,d) Staining was performed on acetone-fixed spermatozoa with an antibody dilution of 1 : 100 followed by fluorescence-conjugated second antibody. Control stains with preimmune sera showed no fluorescence. Note the exclusive staining of the acrosomal cap with the 32.5 kDa antibody, and the 67 kDa antiserum staining of the tail and tip of the cap. Table 1 . Our studies appear to be the first characterization of a class of proteins having these unique properties. Several groups have reported in different contexts the isolation of proteins in low yields which probably contain the calelectrins as prominent members, especially the sets of proteins which bind to chromaffin granule membranes as a function of Ca2+ as described by Geisow & Burgoyne (1982 , 1983 and by Creutz (1981) , and the proteins which co-purify with calmodulin on hydrophobic affinity columns studied by Moore & Dedman (1982) . By immunoblotting we could not demonstrate cross-reactivity between the calelectrins and synexin, a 47 kDa protein from bovine adrenal medulla and liver which enhances Ca2+-induced membrane aggregation (Creutz et al., 1978) .
What is the function of the calelectrins? As with many other Ca2+-binding nroteins we are not yet certain whether they are Ca2+-regulated or Ca2+ -regulator proteins. We have tested the calelectrins for various Ca2+-dependent enzyme activities and found none, especially no protein kinase and protease activity. On the whole the data are compatible with two different functional hypotheses for the low molecular mass calelectrins : first, as originally suggested, they might be involved in the Ca2+-dependent regulation of membrane traffic, especially exocytosis, or second, they might comprise a new class of Ca2+-storage proteins which transport Ca2+ to cell membranes after excitation. Other functional possibilities which might coincide with a role in exocytosis are insertion points of the cytoskeleton in the membrane, or lipid metabolizing activity. The occurrence of three caIelectrins in bovine tissues as opposed to one in Torpedo also suggests that in Torpedo, calelectrin might be a multifunctional protein whose several activities were distributed among different proteins during later evolution.
How are the proteins, which are all made in the cytosol, directed to their ultimate destinations? How is the secretory pathway organized to accomplish correct translocation? The picture that we have suggests that once newly synthesized proteins are segregated within the cisternae of the ER their onward passage depends on the budding off of intermediary vesicles which carry them to the more distant parts of the system. The implication is that there must be within the membrane some system of recognition which has to be fairly exact to avoid miscompartmentation. That the recognition is not perfect has been suggested by recent work on liver cells (Barnwell & Coleman 1983) . In the polarized liver cell, secretory products are normally directed to the blood sinusoidal domain of the plasma membrane, rather than to the biliary apparatus. However, if the cells are poisoned with colchicine, the secretion to the blood is greatly reduced, whilst that to the bile increases markedly. The implication is that in the absence of direction from the Abbreviations used : ER, endoplasmic reticulum; VSV, vesicular stomatitis virus. microtubules, secretory vesicles home into inappropriate regions of the plasma membrane.
In general, although a great deal of work has been done on the processing of proteins during translocation, it is not at all certain that any of the processing is required for secretion. On the contrary, almost all the results suggest that there is no obligatory relationship between processing and the ability to translocate a given polypeptide. However, there are a number of observations that suggest that a reconsideration may be valuable. They are considered below.
Transfer of proteins from cytosol to ER
The signal hypothesis (Blobel & Sabatini, 1971 ; Blobel & Dobberstein, 1975a,b; Sabatini et af., 1982) had the outstanding value of providing a single answer to a number of questions.
Proteins requiring translocation carry an N-terminal signal which recognizes a site on the cytosolic face of the ER and which results in the attachment to the membrane of the ribosomes engaged in translation (for a review of ribosome binding proteins see Kreibich et al., 1978; Bielinska et al., 1979) . Subsidiary mechanisms were later postulated. The N-terminal signal is thought to be recognized by a 'signalrecognition particle'. It is suggested that attachment of the signal-recognition particle to the nascent polypeptide results in the arrest of translation (Walter et al., 1981) unless the whole complex finds a vacant docking protein in the ER
